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Long-term hematopoietic stem cells (LT-HSCs) must overcome the stresses of aging to maintain 4 6 appropriate immune cell output throughout a human's life (Akunuru and Geiger, 2016; Chen et al., 2016; 4 7 Denkinger et al., 2015; Dykstra et al., 2011; Geiger et al., 2013; Mehta et al., 2015; Morita et al., 2010; 4 8 Sawai et al., 2016). These stresses include replicative stress (Bernitz et al., 2016; Flach et al., 2014 ; Wang given cell type and condition. In order to eliminate sources of variability resulting from known HSCs and only 13% of the young stimulated LT-HSCs ( Figure 3E ), whereas cluster 2 had 72% of the 2 1 0 young stimulated LT-HSCs, and only 10% of the aged stimulated LT-HSCs ( Figure 3E ). This suggests 2 1 1 that there are distinct subsets of LT-HSCs in the bone marrow that can be discerned by their different cell 2 1 2 intrinsic responses to stimulation, and that the relative frequencies of these subsets appear to change with 2 1 3 age. Of note, the distinction between these LT-HSC subsets could only be discerned with stimulation. Given these findings, we focused further analysis on LT-HSCs. . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/163402 doi: bioRxiv preprint first posted online Jul. 13, 2017; 7 Stimulated aged LT-HSCs express a myeloid-biased gene expression signature 2 1 7 To identify the differences between the stimulated LT-HSCs in cluster 3 and cluster 2, we examined 2 1 8 genes that were differentially expressed between the two clusters. Cluster 3-specific genes were enriched 2 1 9
for genes related to myeloid function and inhibiting lymphoid differentiation, including pathways related 2 2 0 to NF-ߢB localization, negative regulation of lymphocyte development, macrophage proliferation, cell 2 2 1 migration and localization, and platelet derived growth factor signaling ( Figure S4D ). Cluster 2-specific 2 2 2 genes were enriched for genes involved in lymphocyte development, cell proliferation, and the acute 2 2 3 inflammatory response ( Figure S4E ). Of note, cells in any given cluster, regardless of age, were similar 2 2 4 to each other and distinctly different from cells in the other cluster. Interestingly, we observed some 2 2 5 differences in the level of expression of inflammatory genes such as IL6 and TNFα in stimulated LT-
HSCs in both clusters ( Figure S4F,G) . This data suggests that aged and young LT-HSCs have different proportions of cells that display unique lineage-biased pathway preferences in response to inflammatory To test whether the LT-HSC subsets exist also in unstimulated cells in steady-state conditions, we 2 3 3 identified the 47 genes that were differentially expressed both when comparing cluster 3 vs. cluster 2 2 3 4 (SCDE FDR < 0.01) and when comparing unstimulated aged vs. young LT-HSCs within cluster 1 ( Figure   2 3 5 S5A; STAR-Methods, SCDE FDR < 0.1). We then tested whether these 47 genes coherently co-vary across the 149 unstimulated LT-HSCs, and thus might reflect a variable cell state within these cells. Indeed, we identified three distinct co-varying gene clusters (FIgure 3F), two of which contained genes 2 3 8 involved in myeloid and platelet differentiation, including Selp, Vwf, Gpr64, Plscr2, and Wdfy1. Notably, subpopulations (Dykstra et al., 2011; Gekas and Graf, 2013; Sanjuan-Pla et al., 2013) ; in our analysis, show no significant difference in Hoxb5 expression among the various subsets ( Figure 3H ). Next, we generated a refined gene signature by first scoring unstimulated LT-HSCs with the initial set of 2 4 7 47 genes ( Figure S5A) , identifying two putative cell subsets (STAR Methods). We then used these 2 4 8 subsets to initialize k-means clustering (k=2) within the unstimulated LT-HSCs. We used the identities of 2 4 9 the cells based on this clustering to designate them as myeloid-biased LT-HSCs, or "mLT-HSCs", and 2 5 0 non-myeloid biased LT-HSCs, or "nmLT-HSCs". We next tested these two final clusters for differentially 2 5 1 expressed genes, finding 365 upregulated genes and 34 downregulated genes in the mLT-HSC cluster, 2 5 2 which we use to define our "mLT-HSC signature" (SCDE FDR < 0.1 and the same direction of change as for stimulated mLT-HSCs) ( Table S1 ). In the final k-means clusters, 92% of cells in the myeloid biased cluster were aged cells and only 8% were . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/163402 doi: bioRxiv preprint first posted online Jul. 13, 2017; 8 unstimulated aged and young LT-HSCs from two mouse strains (Kowalczyk et al., 2015) showed 2 6 1 consistent results: while the LT-HSC population is inherently heterogenous, more aged LT-HSCs score 2 6 2 highly for the mLT-HSC signature (Figure S5B,C) . Thus, the mLT-HSC signature allowed us to identify 2 6 3 the subtle portion of myeloid-biased like cells among the young unstimulated LT-HSCs, and to show that 2 6 4 the proportion of high-scoring mLT-HSC cells rises with age. To identify transcription factors (TFs) that may regulate differentially expressed genes between the mLT-2 6 8 HSC and nmLT-HSC subsets, we looked for enriched TF motifs in the enhancer sequences associated 2 6 9 with these genes (Lara-Astiaso et al., 2014) ( Figure 4A,B) . In particular, we focused on TFs which 2 7 0 themselves were differentially expressed between mLT-HSCs and nmLT-HSCs ( Figure 4A,B) , since 2 7 1 altered transcriptional regulation of a TF is likely to affect its target genes. Among the 10 significant TFs (Figure 4A,B and lead to LT-HSC proliferation (Lebert-Ghali et al., 2016; Smith et al., 2011) ; interestingly, it was HSCs, whereas Ikzf1 was down-regulated in mLT-HSCs, and had motif instances enriched in genes We tested the predicted role of these TFs in the age-related myeloid bias of LT-HSCs by shRNA 2 8 9 knockdowns of each of HoxA9, Klf4, Klf5, Ikzf1 or Stat3 in young and aged HSPCs, leading to a 50-75% 2 9 0 reduction in mRNA expression of each gene ( Figure S6A) . We compared these knockdowns to a control 2 9 1 empty vector (MG) and knockdown of Zbtb4, a gene that is expressed in LT-HSCs but not differentially 2 9 2 expressed between mLT-HSCs and nmLT-HSCs. HSPCs were first isolated from young and aged mice, and subsequently transduced with a retroviral vector expressing an shRNA construct for a particular TF. These cells were then used to reconstitute lethally irradiated young C57BL/6 recipient mice. As expected, found that mice reconstituted with control (MG vector) young LT-HSCs had higher lymphoid output ( Figure 5A , compare black bars to dark red bars), and lower myeloid (CD11b+) and granulocyte (Gr-1+) HSCs. . CC-BY-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/163402 doi: bioRxiv preprint first posted online Jul. 13, 2017; 9 to controls. Knockdown of Ikzf1 in young LT-HSCs resulted in decreased lymphoid output ( Figure 5A ).
Interestingly, loss of Ikzf1 in aged LT-HSCs had no significant effect on lymphoid output, but like 3 0 7 knockdown of Klf5, it resulted in decreased myeloid output to levels seen with control young LT-HSCs transplanted with aged control LT-HSCs ( Figure 5E ). These mice sustained myeloid output for 1 week
after the initial challenge before returning to their baseline myeloid output, which was equivalent to that LT-HSCs expressing the Stat3 shRNA also had lower baseline myeloid output than mice transplanted play an important role in the overall inflammatory response of LT-HSCs. Some decrease in bone marrow CMP frequency and an increase in CLP frequency was seen in mice HSCs, however these differences were not statistically significant (Figure 5K,L) . This trend may suggest In this work, we demonstrate that LT-HSCs have a heterogeneous response to inflammatory stimuli that 3 5 8 is altered with age. We show that even the most multipotent of HSPCs directly respond in vitro to TLR 3 5 9 ligands with a potent transcriptional response. Using scRNA-seq, we demonstrate that both the young and state or plastic/reversible state within this subpopulation. We posit that an increased proportion of mLT-
HSCs in the bone marrow is a key driver of emergency myelopoiesis and further identify several 3 6 5 transcription factors that regulate steady state and inflammatory myeloid bias in aged LT-HSCs. Together, our data suggests a revised model (Figure 6 ) of age-related inflammatory myelopoiesis that 3 6 7 highlights important contributions from LT-HSCs, the earliest hematopoietic progenitor. Whereas we found an approximately 30% increase in myeloid cell output in young mice after LPS 3 7 0 challenge, this bias is dramatically higher in aged mice, which have a two-fold increase in myeloid output 3 7 1 (Figure 6 ). Interestingly, we found that after inflammatory challenge, aged mice also have a relative increase in LT-HSC frequency in the bone marrow. These effects are likely due to both cell-intrinsic challenge and had increased myeloid output 3 months after transplant compared to unstimulated aged LT-
HSCs. These data therefore confirms that LT-HSCs directly sense TLR ligands (Nagai et al., 2006) , and 3 8 1 in response to this, the aged LT-HSC population has an amplified cell-intrinsic myeloid bias. Given that 3 8 2 the LT-HSC population is heterogeneous, it is yet to be determined whether inflammation plays a role in We show that the various types of HPSCs respond transcriptionally to TLR ligands in vitro in a similar HSPCs and DCs. Thus, the majority of NF-ߢB-responsive genes appear to be regulated similarly in both HSPCs and mature cells. .
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Using scRNA-seq, we identified subsets of LT-HSCs with distinct transcriptional responses to Our data supports the model that the increased proportion of these mLT-HSCs with age correlates with an for several months post-reconstitution (Figure 1H-I) . In the context of physiologic aging, it might be that Using the inferred myeloid-biased gene signature in our study, we were also able to identify several Kruppel-like factor (Klf) family of TFs were among those that were predicted to regulate genes in the 4 3 0 myeloid-biased signature and were themselves differentially regulated in mLT-HSCs versus nmLT-HSCs. Among these were Klf4 and Klf5, both of which are required for embryonic stem cell self-renewal (Jiang challenge. This is consistent with the role of Stat3 as a major inflammatory TF. In particular, some studies Amit, I., Garber, M., Chevrier, N., Leite, A.P., Donner, Y., Eisenhaure, T., Guttman, M., Grenier, J.K., aging by a mechanism of clonal expansion. Proc. Natl. Acad. Sci. U. S. A. 107, 5465-5470. Benz, C., Copley, M.R., Kent, D.G., Wohrer, S., Cortes, A., Aghaeepour, N., Ma, E., Mader, H., Rowe, Chen, J.Y., Miyanishi, M., Wang, S.K., Yamazaki, S., Sinha, R., Kao, K.S., Seita, J., Sahoo, D., Stat3 on the early phase of hematopoietic stem cell regeneration. Blood 108, 1208-1215. 
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